Admixture mapping is a widely used method for localizing disease genes in African Americans. Most current methods for inferring ancestry at each locus in the genome use a few thousand single nucleotide polymorphisms (SNPs) that are very different in frequency between West Africans and European Americans, and that are required to not be in linkage disequilibrium in the ancestral populations. Modern SNP arrays provide data on hundreds of thousands of SNPs per sample, and to use these to infer ancestry, using many of the standard methods, it is necessary to choose subsets of the SNPs for analysis. Here we present panels of about 4,300 ancestry informative markers (AIMs) that are subsets respectively of SNPs on the Illumina 1 M, Illumina 650, Illumina 610, Affymetrix 6.0 and Affymetrix 5.0 arrays. To validate the usefulness of these panels, we applied them to samples that are different from the ones used to select the SNPs. The panels provide about 80% of the maximum information about African or European ancestry, even with up to 10% missing data. Genet. Epidemiol. 35:80-83, 2011. 
INTRODUCTION
The recent reduction in cost for genome wide association studies has led to the collection of genotypes in hundreds of thousands of samples, including tens of thousands of African Americans. To maximize statistical power to detect disease risk factors in African Americans, it is important to compare the frequencies of alleles in cases to those in controls, controlling for whether an individual has inherited 0, 1 or 2 alleles of European ancestry at each locus. Searching for regions of the genome where cases have an unusual amount of one ancestry compared with the genomic average-the ''admixture mapping'' signalcan contribute information about disease gene localization above and beyond the case-control information, and has been used to identify susceptibility factors for multiple sclerosis [Reich et al., 2005] , prostate cancer [Freedman et al., 2006] and end stage renal disease [Kao et al., 2008; Kopp et al., 2008] .
The best established methods for inferring ancestry in African Americans use data from panels of ancestry informative markers (AIMs) whose alleles are highly differentiated in the ancestral African and European populations and are not in linkage disequilibrium (LD) with each other in the ancestral populations [Parra et al., 1998 ]. We and others have shown that by genotyping as few as a thousand such markers spaced across the genome, and combining the data across loci using a Hidden Markov Model, one can obtain useful inferences of ancestry at each locus genome-wide [McKeigue, 1998; Patterson et al., 2004; Hoggart et al., 2004; Montana and Pritchard, 2004; Zhu et al., 2004] . This idea has been implemented in the ANCESTRYMAP , ADMIXMAP [Hoggart et al., 2004] and MALDSOFT [Montana and Pritchard, 2004] software packages. Our group has developed three iteratively improved panels of markers for admixture mapping in African Americans [Freedman et al., 2006; Smith et al., 2004; Reich et al., 2007] , the last of which is a 1,509 single nucleotide polymorphism (SNP) panel (Phase 3 panel) that is available from Illumina for the GoldenGate platform (http://www.illumina.com/ products/african_american_admixture_panel.ilmn]). Another excellent map was generated by Tian et al. [2006] .
In an era when commercial SNP genotyping arrays can produce data for hundreds of thousands of genetic markers at a cost that is not much greater than that of genotyping a couple of thousand SNPs, most data on African Americans is collected on hundreds of thousands of markers, instead of a panel of thousands of AIMs. Recent methods such as SABER [Tang et al., 2006] , LAMP [Sankararaman et al., 2008b] , SWITCH [Sankararaman et al., 2008a] , HAPAA [Sundquist et al., 2008] and HAPMIX [Price et al., 2009] use the dense SNP data to make higher resolution inferences of locus-specific ancestry than is possible with the panels presented in this report. However, these methods have not been exhaustively tested in a disease gene mapping context, and in fact, inaccurate modeling of LD may produce systematically biased estimates of ancestry possibly leading to false-positive associations in some of these methods [Price et al., 2008] . An alternative approach is to simply select a r 2010 Wiley-Liss, Inc. subset of markers from the array that are highly differentiated, and that are separated enough that they are not in LD with each other in the ancestral populations, making it possible to use well-established methods like ANCESTRYMAP, ADMIXMAP and MALDSOFT. Here we present appropriate subsets of five commercial SNP arrays: Illumina 650Y, Illumina 610-Quad, Illumina1M duo, Affymetrix 5.0 and Illumina 6.0.
METHODS
To choose SNPs for each of the commercial panels, we used the data from the International Haplotype Map (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/ hapmap3r2_B36/): 55 unrelated European Americans from Utah (CEU) and 54 unrelated Yoruba from Ibadan, Nigeria (YRI) that had been genotyped in all three rounds of the HapMap project [The International HapMap Consortium, 2003] . We restricted analysis to 1,440,616 SNPs that had been genotyped on the Illumina 1M duo and the Affymetrix 6.0 arrays as part of HapMap Phase 3. For each SNP on our array, we calculated the mutual information between the SNP and ancestry, similar to Smith et al. [2004] and Bercovici et al. [2008] . We iteratively selected the next most informative SNP in the genome, conditional on the previously chosen set of SNPs, and continued until no more SNPs were available that satisfied the criteria. The detailed steps were as follows:
SNP PICKING ALGORITHM (a) Picking the SNP with the highest expected mutual information content. We used the Shannon Information Content (SIC) formula ] to pick the SNP that was expected to provide the highest mutual information content to ancestry in the genome, conditional on the observed allele frequencies in the HapMap CEU and YRI samples, (p EA and p WA respectively) and the SNPs that had previously been chosen (Equation 1):
Here, a 00 5 (1Àm)p WA , a 01 5 mp EA , a 10 5 (1Àm)(1Àp WA ) and a 11 5 m(1Àp EA ), where m is the European mixture proportion (assumed to be 20%). For simplicity in ranking SNPs, we assumed that each candidate SNP was in complete admixture LD with all previously chosen SNPs for 4 centimorgans (cM) in either direction, and was not in admixture LD with more distant SNPs. In practice, admixture LD declines gradually with genetic distance, and a somewhat better ranking of markers could be obtained if we fully modeled this. We note that our empirical evaluation of map informativeness (see Results) properly accounts for the decline of admixture LD with distance, and so the only effect of this simplification is on the prioritization of SNPs for the map.
(b) Encouraging redundancy in the map: To deal with the possibility of missing data, we calculated SIC for each SNP after ''flattening'' the allele frequency estimates in the CEU and YRI by treating them as 20% less divergent than they actually were.
(c) Excluding SNPs: We did not pick SNPs that satisfied any of the following criteria: (i) They were within 0.25 Mb or 0.25 centimorgans (cM) of any previously selected SNP.
(ii) More than eight other SNPs had previously been chosen within a 2 cM window of the candidate SNP. These exclusion criteria were very aggressive, and resulted in the elimination of many SNPs that in fact could have added marginally to the information content of our map. Our philosophy in building the map was to minimize the possibility that there was no LD among SNPs in the ancestral populations (as this is known to contribute to false-positives), even at the expense of a slight diminishment in map quality. As described below, we also implemented a further step that decreased the possibility that the SNPs were in LD by directly testing for LD in the parental populations.
We applied the selection algorithm to each of the set of SNPs in the Illumina 650Y, 610 Quad, 1M duo, Affymetrix 5.0 and 6.0 arrays in turn, almost all of which were subsets of the approximately 1.4 million SNPs in HapMap3. This produced a rank-ordering of SNPs in decreasing order of expected informativeness, for each SNP array.
SNP PANEL EVALUATION
To evaluate each SNP panel's performance and further filter potentially problematic SNPs, we used the ANCES-TRYMAP software, applying it to a second set of 56 European Americans (CEU) and 58 West Africans (YRI) from HapMap Phase 3, as well as to 46 unrelated African Americans from the American Southwest (ASW). These samples were genetically unrelated to those we used to choose markers for the map, ensuring the independence of samples used in marker selection and validation. ANCESTRYMAP has built in data quality checking procedures that allowed us to eliminate markers in the map for which allele counts for the ancestral (African and European) genotypes appeared to be grossly inconsistent with counts on the African-American samples, potentially reflecting genotyping problems. This involved directly measuring LD between all neighboring markers in the map, and throwing out markers that gave even weak evidence of LD based on the conservative criteria from Smith et al. [2004] . After applying the ANCESTRYMAP quality checks we obtained panels of between 4,323 and 4,345 SNPs, depending on the array we analyzed (Table I) .
RESULTS
Analysis of the 46 African American (ASW) samples by ANCESTRYMAP indicates that the average European ancestry proportion in the African American samples is 21.178.3%, and that the estimated number of generations since admixture averaging across lineages is 5.971.3, in the range of what has been estimated for previous studies in African Americans. ANCESTRYMAP also estimates parameters corresponding to how genetically close the modern parental populations are to the true ancestors of the admixed samples. Our estimated F ST between the true African American ancestral population and the Yoruba is o0.0001, and our estimated F ST between the true European American ancestral population and the CEU is o0.0002, highlighting the effectiveness of using the YRI and CEU samples as surrogates for the ancestral populations of African Americans. The fact that the Yoruba provide such a good proxy for the ancestral African population of African Americans may at first seem surprising given that it is known that the African ancestors of African Americans came from many parts of Africa. However, this finding is in fact a straightforward consequence of the fact that the allele frequencies of many populations in West Africa are very similar, a legacy of the large effective population sizes that appear to have persisted for many tens of thousands of years in West Africa Smith et al., 2004] .
To evaluate the informativeness of the map at each locus in the genome, we took advantage of the fact that the ANCESTRYMAP software provides a calculation of the ''rpower'', which is a measure of uncertainty in ancestry inference at a given locus, and specifically, is the expected value of the squared correlation between inferred and true ancestry. For the panel based on all 41.4 million SNPs, which we refer to as the HAPADMIX panel, the average rpower is about 82%. For the least informative map (the subset of the Affy 5.0 array), we infer it to have a high average rpower at 77% (Table I ). The high level of redundancy that is built into these maps is demonstrated by the fact that when we re-ran our analysis with 10 and 20% of the markers randomly dropped (to simulate the effect of a high levels of missing data and markers that fail genotyping quality control or design criteria), our rpower was still excellent, ranging from 73 to 79% for 10% missing data and 70 to 76% for 20% missing data depending on the array (Table I) . These results should be contrasted with the average rpower (68% in samples that were genotyped for another study) of the Phase 3 map (http://www.illumina. com/products/african_american_admixture_panel.ilmn]), the average rpower of 76% of the Tian et al. map [Tian a We report 71 standard deviation. Fig. 1 . Estimated information about ancestry extracted at each locus in the genome, based on using each of the panels discussed in this paper and validating its performance on 46 African Americans from the Southwest United States. The average information for the HAPADMIX map of 4,345 markers is 82%, which is much higher than previously reported maps. The only regions of substantially reduced information content occur at the telomeres. The local information content for each of the panels is highly correlated.
et al. , 2006] , and the 98% rpower that comes from running HAPMIX [Price et al., 2008] on data from hundreds of thousands of SNPs, taking advantage of the information that is available from markers in LD. A distribution of rpower across the genome for our HAPADMIX and other panels is shown in Figure 1 , and indicates that rpower is fairly uniform across the genome. The plots show that almost the only regions where the information content are low are at the ends of the chromosomes, where ancestry information can only be determined based on data from one side of each SNP. Another interesting feature of these plots is that information content rarely exceeds 90%.
DISCUSSION
We believe that the 90% maximum of the rpower reflects the fact that we did not allow markers to be packed at a density of more than one per 0.25 cM or one per 0.25 Mb. It will be difficult to improve rpower further by harvesting additional markers from the 1000 Genomes Project (http://www.1000genomes.org), as most AIMs are likely to have been discovered by earlier SNP discovery projects, since they are markers that are highly different in frequency between West Africans and Europeans and hence are likely to have already been discovered in past SNP discovery efforts that have included samples of both African and European ancestry.
The SNP panels that we have generated are publicly available at our website (http://genepath.med.harvard. edu/$reich/AACommlPanels.html). These panels provide the most informative sets of unlinked AIMs of which we are aware, and are powerful resources for scientists wishing to estimate genome-wide ancestry in African Americans, as well as for using local ancestry as a covariate in disease gene mapping studies.
